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nanoparticulate agent, readily formed from just two active components, can be used to explore imaging parameters in six modalities.
The multimodal nanoparticle is a porphyrin-phospholipid (PoP)-coated UCNP ( Figure 1 a) . We recently demonstrated that PoP can be synthesized and used to form theranostic nanovesicles, as well as be used to coat other nanoparticles. [ 14 ] The PoP coating directly confers near-infrared (NIR) biophotonic properties of conventional FL and PA to the UCNP. Additionally, based on the exquisite affi nity of copper for porphyrins, the nanoparticles can be seamlessly postlabeled for PET and CL imaging by simple incubation with 64 Cu. [ 15 ] The UCNP (core-shell of NaYbF 4 :Tm-NaYF 4 ) used was rationally designed for NIR-to-NIR UC luminescence imaging, and the dense electron content is also suitable for detection in CT. Due to their versatility and propensity for deep and low-background optical imaging, UCNPs have attracted considerable interest recently. [ 16 ] PoP-UCNPs were generated by coating oleic acid-capped UCNPs, synthesized via thermal decomposition, [ 17 ] with phospholipids to render them dispersible in aqueous solutions. Thin fi lms containing PoP-UCNPs with varying ratios of PoP to Biomedical imaging has become a cornerstone of modern medicine. [ 1 ] Progress in imaging technologies stimulates development of novel and facultative contrast agents, reinforcing cyclical patterns of innovation. With clinical implementation of combined positron emission tomography/ X-ray computed tomography (PET/CT) and PET/MR (magnetic resonance) scanners, there has been an increasing interest in integrated imaging systems that yield information not accessible by just a single modality. Concurrently, there have been numerous recent reports of contrast agents that enable not only mostly bi-, but also tri-and tetra-modal medical imaging capabilities. [ 2 ] Some representative examples include functionalized gold for CT/MR/ultrasound [ 3 ] and photoacoustic (PA)/MR/Raman; [ 4 ] functionalized iron oxide for fl uorescence (FL)/MR/PET, [ 5 ] FL/ MR/CT, [ 6 ] and FL/MR/PET/Bioluminescence; [ 7 ] polymeric porphyrins for FL/MR/PET; [ 8 ] melanin nanoparticles for PA/MR/ PET; [ 9 ] liposomes for FL/Cerenkov luminescence (CL)/MR; [ 10 ] and upconversion nanoparticles (UCNPs) for UC/MR/CT, [ 11 ] upconversion (UC)/MR/CT/SPECT, [ 12 ] and higher order theranostic paradigms. [ 13 ] Here, a simple approach is proposed in which a 
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polyethylene glycol (PEG)-lipid were hydrated with water and sonicated to generate stable and dispersed nanoparticles. Transmission electron microscopy and dynamic light scattering of PoP-UCNPs coated with 80 molar% PoP and 20 molar% PEG-lipid revealed an average particle size of 74 nm (standard deviation of 3.6 nm for triplicate measurements) and a polydispersity index of 0.12 ( Figure 1 b,c) , indicating minimal aggregation occurred after the surface modifi cation. Electron micrographs, which were taken without negative staining and thus would not detect the PEG coating, revealed a diameter close to 60 nm. At higher resolution, micrographs revealed a crystal lattice spacing of 0.52 nm, which is close to the 0.51 nm spacing expected for a crystal plane of hexagonal NaYbF 4 with a Miller index of 100. [ 18 ] Additional electron micrographs clearly depicting the core-shell structure of the UCNP and an energy dispersive X-ray spectrum confi rming the chemical composition are found in Figures S1 and S2 (Supporting Information). The NIR emission of the UCNPs close to 800 nm following 980 nm excitation is from the 3 H 4 → 3 H 6 transition of the Tm 3+ . The dependence of this emission intensity on excitation power was investigated and indicated that the generation of UC emission involved a twophoton process ( Figure S3 , Supporting Information), in agreement with our previous observations on UC photophysics. [ 19 ] Based on their dense self-packing in a spatially constrained bilayer, PoP bilayers give rise to intense intermolecular porphyrin faceto-face contact and FL self-quenching. PoP FL can be restored by addition of detergent, which destroys the bilayer structure as well as self-quenching effects resulting from extreme porphyrin density. In order to study the selfquenching of PoP-UCNPs, varied molar percentages ranging from 0% to 80% PoP were used to coat the particles during the surface modifi cation process. The self-quenching of PoP FL was tested by comparing PoP-UCNPs with and without addition of detergent (+det. and -det.). The FL spectrum of PoPUCNPs containing 80% molar PoP ( Figure 2 a) shows that without detergent, the emission peak at 675 nm (originating from the PoP itself) was virtually completely quenched. With the addition of detergent, a greater than 100-fold increase in signal was observed. Figure 2 b further shows the degree of PoP self-quenching for various molar ratios. As more PoP is titrated into the bilayer coating, interPoP reactions and face-to-face porphyrin stacking becomes more pronounced, leading to extreme self-quenching. This self-quenching phenomenon enables convenient monitoring of the stability of the PoP coating and therefore, the PoP-UCNP itself. This may also enable convenient monitoring of PoP-UCNP stability in blood or cellular uptake, which also triggers dissociation of the PoP coating. [ 14b ] When incubated in vitro for 24 h at 37 °C, the nanoparticles remained fully intact in phosphate buffered saline and over 75% intact in cell growth medium containing 10% fetal bovine serum ( Figure S4 , Supporting Information).
The NIR-to-NIR UC process occurs in the deep NIR range, which enables greater tissue penetration depth and thus is a useful optical window for in vivo optical imaging. Therefore, the effects of the PoP coating on the UC of the UCNPs were examined. The UC emission of UCNPs coated with either 80 or 0 molar% PoP (Figure 2 c,d ) shows that even with the highest PoP concentration in the bilayer, the NIR emission peak at 800 nm remained relatively unquenched. Thus, the PoP coating did not interfere with the photophysics of the UC process. These data indicate that the PoP coating can be applied to UCNPs without losing the most desirable UC luminescence properties. PoP-UCNPs with 80 molar% PoP were used for subsequent in vitro and in vivo multimodality imaging. Twenty percent PEG-lipid was retained in the bilayer since PEG is known to improve nanoparticle steric stability and biocompatibility. [ 20 ] When incubated with mammalian cells in vitro for 24 h at 37 °C, PoP-UCNPs did not induce any discernable toxicity up to 1 mg mL −1 , which was the highest concentration assessed ( Figure S5, Supporting Information) . 
PoP nanovesicles and other tetrapyrrolic nanoparticles effectively chelate 64 Cu radioisotopes and readily do so in aqueous solution after the nanoparticles have already been formed. [ 15, 21 ] Postlabeling PoP-UCNPs with 64 Cu confers CL and PET imaging capacity. CL involves light emission during the decay of radionuclides and is similar to UC imaging in that conventional autofl uorescence interference is greatly diminished. Successful 64 Cu labeling was achieved by simply incubating 64 CuCl 2 with PoP-UCNPs in 0.1 M sodium acetate (pH 5.5) at 37 °C for 60 min with shaking. 64 Cu-PoP-UCNPs were further purifi ed by gel fi ltration, eliminating any residual free 64 Cu. A representative elution profi le shown in Figure S6 (Supporting Information) demonstrates that prior to purifi cation, the 64 Cu labeling yield was greater than 80%.
In vitro studies were performed to compare imaging properties between the six different imaging modalities. Imaging was performed with commercial systems with the exception of a custom-built PA system, [ 22 ] and PET reconstruction was performed as previously described. [ 23 ] Three small diameter tubes were fi lled with PoP-UCNPs without detergent (-det.), PoP-UCNPs with detergent (+det.), and water (as a control), and imaged in each modality ( Figure 3 a) . The nanoparticle concentration was 0.7 mg mL −1 in all cases except for the in vitro CT phantom imaging, which used a concentration of 34 mg mL −1 . The water tubing control was generally undetectable in all modalities, with the exception of a slight background signal in CT. The samples +det. and -det. generally yielded the same signal intensity, with the exception of FL and PA. In accord with the data shown in Figure 2 , when intact (-det.), the PoP-UCNPs yielded a signifi cantly diminished FL signal compared to +det. Conversely, the -det. sample exhibited an enhanced PA signal compared to +det, although the magnitude of the difference was not as pronounced. This phenomenon is not unexpected since FL quenching leads to thermal dissipation of absorbed light energy (as opposed to photon emission), which is directly responsible for generation of the PA signal. Therefore, FL and PA modalities provide indication of the self-assembly status of the PoP-UCNP. This clearly demonstrates how different modalities can yield different information about contrast agents, in this case about the integrity of the particle coating.
PoP-UCNPs were then imaged in a turkey breast phantom to determine depth-dependent signal attenuation and resolution in tissue. Turkey breast tissue was selected to mimic the properties of human breast tissue, since lymph node mapping is a current clinical challenge for determining the metastatic state of breast cancer. [ 24 ] For signal attenuation studies, tubing containing PoPUCNPs was visualized with constant exposure times in each modality under increasing thickness of turkey breast tissue (Figure 3 b) . The signal, which was scattered or absorbed as it passed through the tissue, was collected in a region of interest over the known location of samples and normalized to the signal obtained without any overlaid tissue. As would be expected for CT and PET, which are whole body clinical imaging techniques, no signifi cant attenuation was seen at the largest tissue depth tested (30 mm). The FL signal of intact PoP-UCNP, which was highly quenched, was attenuated to 50% of the original signal within the fi rst few millimeters of tissue. Disruption of the PoP-UCNP structure with detergent, to increase the PoP FL signal, extended that depth by ≈2 mm. However, it should be noted that for FL with detergent, the imaging signal was saturated for the fi rst couple of mm of tissue. PA signal also attenuated rapidly in tissue, with half the signal being lost before 5 mm. However, it is important to note that the observed signal attenuation for PA and other modalities does not equate to detection sensitivity. Indeed PA signal could be detected under the full 30 mm of tissue. UC and CL exhibited intermediate signal attenuation with the signal becoming half-attenuated between 10 and 15 mm. Because imaging parameters in these modalities can be adjusted to dramatically affect performance metrics like attenuation or sensitivity, and the linearity of the systems was not thoroughly evaluated, these results are meant primarily to demonstrate the multimodal potential of PoP-UCNPs as opposed to representing fully optimized imaging specifi cations.
Depth-dependent resolution for each modality was then tested by securing two identical samples in tubing exactly 10 mm apart, and again serially imaging under increasing thickness of turkey breast (Figure 3 c) . The ability to resolve the two samples was plotted as a function of tissue depth and images were processed in ImageJ software by examining the discernable distance between signal peaks. Exposure time in any given modality was maximized to obtain better images prior to analysis. Similarly to the tissue penetration, CT and PET resolved the samples at all depths tested. Interestingly, although the PA signal diminished quickly at larger tissue depths, resolvability was conserved for as long as the signal was clearly separated from the background. This was not the case for UC and FL, for which both lost their signal detectability and resolvability at similar rates, due to the increased rate of optical (as opposed to acoustic in the case of PA) scattering in the tissue.
Due to the clinical importance of lymphatic mapping in oncology, numerous multimodal lymphatic contrast agents have been assessed. [ 25 ] PoP-UCNPs were used for in vivo lymphatic imaging ( Figure 4 a-g ). Small volume samples (≈20 µL containing 14 µg of PoP-UCNPs for a dose of ≈0.7 mg kg −1 body weight) were injected in the left rear footpad of BALB/c mice, which were then allowed to move freely. After 1 h, adequate time for lymphatic drainage, the mice were anesthetized and imaged in four different scanners; a PET/CT scanner, a traditional IVIS Spectrum scanner, an IVIS fi tted with a 980 nm laser diode source, and custom-made preclinical PA imaging system. The accumulation of PoP-UCNPs in the fi rst draining lymph node was clearly discernable in all systems. In the FL, UC, and CL images, mouse hair was removed to enable better visualization of the individual node, but a large amount of scattering was present even through the thin layer of skin (Figure 4 a,b,e) . FL and UC images were taken with the footpad injection site masked with tape and out of the image frame. On the contrary, the PET and combined PET/CT imaging revealed not only the sentinel lymph node but also a more extensive lymphatic network (Figure 4 c,d ). While combined PET/CT imaging provided excellent anatomical registration of PoP-UCNPs in the lymph node, CT by itself was the only modality that could not readily detect the nanoparticles in vivo, suggesting that more optimization is required to generate more CT contrast in the lymph node. Because PA imaging visualizes endogenous chromophores in the blood for signal generation, before and after injection images were taken to illustrate the contrast enhancement (Figure 4 f,g ). While the PoP-UCNPs were well-tolerated in this study, longterm toxicity studies are required to better assess the safety of the nanoparticles.
In conclusion, PoP-UCNPs are easily formed from only two active imaging components (PoP and UCNPs) yet are active in at least six different imaging modalities. FL, in particular, and PA provided unique information on the self-assembly status of the particles. PET and CT provided the deepest imaging capabilities, although low sensitivity prevented detection of the agent in vivo using CT. CL and UC imaging was effective for less invasive signal detection at intermediate depths substantially deeper than FL. In all cases, the contrast enhancement conferred to these diverse imaging methods shows that engineering simple yet higher-order multimodal imaging agents is feasible and may be useful for the development of hyper-integrated imaging systems.
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